We have established a cartilaginous fish cell line [Squalus acanthias embryo cell line (SAE)], a mesenchymal stem cell line derived from the embryo of an elasmobranch, the spiny dogfish shark S. acanthias. Elasmobranchs (sharks and rays) first appeared >400 million years ago, and existing species provide useful models for comparative vertebrate cell biology, physiology, and genomics. Comparative vertebrate genomics among evolutionarily distant organisms can provide sequence conservation information that facilitates identification of critical coding and noncoding regions. Although these genomic analyses are informative, experimental verification of functions of genomic sequences depends heavily on cell culture approaches. Using ESTs defining mRNAs derived from the SAE cell line, we identified lengthy and highly conserved gene-specific nucleotide sequences in the noncoding 3 UTRs of eight genes involved in the regulation of cell growth and proliferation. Conserved noncoding 3 mRNA regions detected by using the shark nucleotide sequences as a starting point were found in a range of other vertebrate orders, including bony fish, birds, amphibians, and mammals. Nucleotide identity of shark and human in these regions was remarkably well conserved. Our results indicate that highly conserved gene sequences dating from the appearance of jawed vertebrates and representing potential cis-regulatory elements can be identified through the use of cartilaginous fish as a baseline. Because the expression of genes in the SAE cell line was prerequisite for their identification, this cartilaginous fish culture system also provides a physiologically valid tool to test functional hypotheses on the role of these ancient conserved sequences in comparative cell biology.
fforts toward a comprehensive compilation of cell biological, physiological, and genomic information from a variety of vertebrate species are providing a rich source of comparative data representing critical points in evolutionary divergence (1) . Although available information is rapidly expanding for teleosts (bony fishes; ref.
2), few cell biological or genomic data are available for the most primitive jawed vertebrates, the cartilaginous fish, class Chondrichthyes, largely represented by the order Elasmobranchii (3, 4) . This information would extend comparative data through Ͼ450 million years of evolution. We have derived an embryonic mesenchymal stem cell line [Squalus acanthias embryo cell line (SAE)] from the elasmobranch S. acanthias, the spiny dogfish shark (5) . This cell line from a cartilaginous fish provides a means to study the cell biology, physiology, and genomics of Chondrichthyes. Recently, the National Human Genome Research Institute targeted for comprehensive genomic sequencing Leucoraja erinacia, an elasmobranch of the superorder Squaliformes, related to S. acanthias, underscoring the value of Chondrichthyes for comparative biology (6) In efforts to explore the cell biology and genomics of cartilaginous fish, we used the SAE shark cell line to prepare a normalized cDNA library primed from the 3Ј end of the mRNA. A database of Ͼ5,000 EST sequences representative of gene expression in the cell line was generated by sequencing from the 5Ј end of the ESTs. Additional sequencing of a portion of these ESTs from the 3Ј end allowed an analysis of 3Ј UTRs of mRNA transcripts from well defined genes. Among these, we identified eight with remarkably long and evolutionarily well conserved gene-specific noncoding nucleotide sequences. These phylogenetic footprints were found in the 3Ј UTRs of shark-homologous genes in a variety of vertebrate orders, from cartilaginous fish to mammals, suggesting functional roles. Interestingly, all eight genes are involved in the regulation of cell growth and proliferation. Our data demonstrate the utility of elasmobranch genomics as a tool for comparative vertebrate biology and also point toward the use of the SAE cartilaginous fish cell line as a tool for functional verification at the cellular level of molecular genomic predictions and hypotheses.
Results
Gene Expression Analysis of a Cartilaginous Fish Cell Line. Approximately 600 high-quality ESTs representing transcripts expressed in the SAE spiny dogfish shark mesenchymal stem cell line were sequenced from both the 5Ј and 3Ј ends. ESTs sequenced from the 3Ј end were screened by BLASTn analysis against all sequences in the National Center for Biotechnology Information database to identify potential 3Ј UTRs with evolutionarily conserved sequences and were further prioritized through a series of computational analyses to identify phylogenetic footprints. The most promising eight genes were examined in detail. The identity of these genes was confirmed by BLASTx of the 5Ј-end sequence of each clone. Table 1 lists the genes, symbol, and representative reference for each. The 3Ј UTR sequences from these genes exhibited phylogenetic footprints 20-203 nt in length. Fig. 1 is a schematic representation of the conserved areas. The conserved sequences were gene-specific, and no repetitive DNA elements were found. of alternative poly(A). A common motif, ATnG, appeared in nine phylogenetic footprints associated with six of the genes, and the relative positions of this motif were maintained within the conserved regions among species. An additional reverse translocation of a conserved sequence was found in the Xenopus set gene, and both forward and reverse sequences of regions were seen in zebrafish ctbp1, chicken znf 503, and mouse sox4.
Noncoding Regions of Shark ppp4r2 and set Genes in Other Vertebrate
Orders. Evolutionarily wide conservation of 3Ј UTR sequences were identified through analysis of SAE ESTs for the protein phosphatase 4 regulatory subunit 2 gene (ppp4r2) [supporting information (SI) Fig. 4 ]. SI Fig. 4 shows an 11-species comparison of nucleotide sequence for a portion of the 3Ј UTR of the ppp4r2. Species represented include cartilaginous and bony fish, amphibians, birds, and mammals. Alignment for each species is oriented from the shark poly(A) signal, and sequence identity relative to the shark is denoted by shaded nucleotides. The invariant positions of the six ATnG motifs relative to each other in the multispecies nucleotide alignments of ppp4r2 are identified in bold. With the exception of the region immediately proceeding the poly(A) signal, sequence identity among the species was least evident for the teleosts, zebrafish (Danio), and pufferfish (Tetraodon nigroviridis).
The extensive noncoding-region conservation of the set also identified although comparisons with shark sequence is shown in Fig. 2 . Significant 3Ј UTR identity exists around the poly(A) signal of 10 species. A short series of conserved base pairs 3Ј to the poly(A) signal also was detected. This phenomenon was found in six of the eight genes analyzed (Fig. 1) . As with ppp4r2, identity with other species for set was least strong with teleosts, and neither zebrafish nor pufferfish showed sufficient sequence relationships to set sequences to define footprints, despite footprint recognition among 10 other species representing four orders of vertebrates For this reason, these species are not included in Fig. 2 . Table 2 shows a comparison of the sequence identity of phylogenetic footprints identified in the 3Ј UTR of dogfish shark, human, mouse, and zebrafish. Shark sequences were superior to zebrafish and pufferfish for identifying 3Ј UTR mammalian phylogenetic footprints (Table 2 and SI Fig. 4 ). Table 3 summarizes the average nucleotide length, percent identity, and percent AϩT for conserved regions of each of the eight genes. Sequence identity within footprints averaged 92% (range 79-100%). The average AϩT composition was 66%. It has been reported that phylogenetic footprints in 3Ј UTRs are generally enriched in adenosine and uridine (7). Zinc-finger protein 503 (27) References given are recent examples of many. See Discussion for a brief statement of cellular function. 
Conserved 3 UTR Regions in the fbxw7 (F-Box/WD40) Gene Expressed in the Elasmobranch Cell Line Identify Analogous Conserved Regions
in Other Chondrichthyes. Identification of evolutionarily conserved 3Ј noncoding regions by analyses of existing databases led us to confirm our predictions experimentally and extend this information to species for which insufficient genomic database information was available. We chose to examine by PCR the three highly conserved regions of fbxw7 ( Fig. 1 and Table 3 ). This gene and the regions amplified were chosen because the primers for these areas were predicted to be the most specific and well behaved among all potentially useful primers that might be used to identify conserved regions in the eight genes.
The fbxw7-F-1 and fbxw7-R primer pair spanned conserved Regions 1-3 of the gene, including the interfootprint sequences ( Fig. 1) . The fbxw7 conserved Region 1 was expected to be present in dogfish shark but not in zebrafish ( Table 2) . As predicted from the genomic analysis, an amplification product of Ϸ380 nt was detected in the shark but not in zebrafish (Fig. 3A) . Interestingly, this primer set also identified the analogous region in two other cartilaginous fish, the elasmobranch Leucoraja erinacea, and the more distantly related Callorhinchus milii. The latter is commonly referred to as the elephant shark or chimera. The consistent size of the amplification product among these species suggests that the relative size and positioning of nucleotide length between the footprints (interfootprint distances) also were conserved. To test whether the footprint missing in zebrafish might also be missing in other teleosts, we used the same primers in an attempt to amplify a PCR product from Xiphophorous, for which no genomic data exist for this area. No product was detected.
The fbxw7-F-2 and fbxw7-R primer pair, spanning fbxw7 conserved Regions 2 and 3 ( Fig. 1) , was predicted to be present in both zebrafish and shark (Table 2) , and a product of the expected size (220 nt) was detected in both animals. Once again, a PCR product of appropriate size was amplified from the other two cartilaginous fish. As with Fig. 3B , the consistent size of the amplification product among the cartilaginous fish species and zebrafish suggests that the interfootprint distance also was conserved. PCR from Xiphophorus, a teleost model of carcinogenesis and mutagenesis that is of a different phylogenic order than zebrafish, identified two bands larger than those found in the other species (350 and 500 bp, respectively). Xiphophorus and zebrafish shared a common ancestor Ϸ180 million years ago, and Xiphophorus is more closely related to a number of other teleost models than are zebrafish. These include Oryzias (medaka), Fundulus (killifish), and the pufferfish genera Fugu and Tetraodon.
Discussion
Elasmobranchs are of ancient origin, exhibiting fundamental characteristics of the superclass Gnathostomata, including the presence of jaws, spleen, thymus, adaptive immunity, a liver exhibiting mammal-like architecture, neural crest, enameloid teeth, and a closed pressurized circulatory system. For nearly a Regions are as marked in Fig. 1 . Sequence identity is based on ClustalW pairwise alignment scores. Not Found indicates undetectable footprints, e.g., sequences Ͻ 80% identity (see Materials and Methods).
century, elasmobranchs have contributed to discoveries in comparative physiology, pharmacology, and developmental biology (3). However, comparative approaches using these organisms in cell biology and genomics have been limited by availability of in vitro models of cell culture and a lack of genomic data. Nevertheless, the use of these fish is beginning to contribute important observations in the areas of protein and genome evolution and function (8) (9) (10) (11) (12) . The conserved untranslated sequences identified by gene expression analysis of an elasmobranch cell line have been maintained in vertebrates for Ͼ400 million years of evolution and likely reflect retention of function. The expression of these genes in the SAE cell line provides a tractable in vitro tool for functional studies of such conserved regions.
All eight genes identified through these methods are involved in cell growth and development, many as negative regulators. Ornithine decarboxylase antizyme inhibitor regulates polyamine homeostasis, inhibits cell proliferation, and possesses antitumor activity (13) . C-terminal-binding protein 1 inhibits growth factor function and is centrosome-associated during mitosis (14) . The F-Box/WD-40 protein ( fbxw7 gene) has a role in targeted degradation of cyclin E, c-Myc, c-Jun, and Notch, thereby acting as a tumor suppressor (15) . Protein phosphatase 4 regulatory subunit 2 modulates DNA repair and acts on microtubule assembly at the centrosome (16) . Phosphatase and tensin homolog is a tumor suppressor acting through negative regulation of phosphatidylinositol 3-kinase signaling (17) . The set leukemiaassociated oncoprotein is a nuclear phosphoprotein that inhibits protein phosphatase 2A (18) . Sox4 is involved in multiple critical events in organogenesis, apoptosis, tumorigenesis, and hormone responses (19) . The zinc-finger protein 503, also known as Nolz-1, is a developmentally regulated transcription factor of the mammalian striatum (20) .
Eight of the 19 conserved regions in these genes contained poly(A) signal motifs. Conserved regions around poly(A) signals upstream for those used by the shark were identified in two of the genes and may indicate sites of alternative poly(A). Previous work on comparisons among mammalian genomes identified conserved areas around poly(A) signals that direct the positioning of the poly(A) tail (21) (22) (23) . Two reports extended this approach to identify short regions of 3Ј UTR conservation surrounding poly(A) signals in nonmammalian species (24, 25) . We also identified other highly conserved regions that are not directly associated with a poly(A) signal. These regions often include a core sequence of ATnG, where n represents a variable repeat of Ϸ3-5 T (uridine) residues. The ATnG core sequence in the upstream elements may enhance efficiency of poly(A) signal usage and mRNA transcript stability of a number of genes (26) (27) (28) . In addition, three copies of another motif, ATTTA, a mediator of mRNA destabilization (29) , were identified in conserved regions of znf503. Furthermore, the miR-137 microRNA, found in the developing mouse brain, targets a conserved nucleotide sequence present in ppp4r2 (30) . Transcript signals also may be coupled with regulation of premRNA splicing, mRNA transport, and translation (31) (32) (33) . Conserved noncoding sequences may be the connecting links among all of these processes.
Conservation in 3Ј UTRs generally followed a pattern of highly conserved sequences alternating with regions of low similarity but generally conserved length. The conserved distances between phylogenetic footprints (i.e., the interfootprint regions) may provide a clue to mechanisms of function, such as Average nucleotide identity within footprints was 92%. Average AϩT composition was 66%. All footprints include S. acanthias and Homo sapiens. Species for ppp4r2 and set are listed in Fig. 2 and SI Fig. 4 . Azin Region 1 species are that of ppar4r2 with the exceptions of Tetraodon nigroviridis and Macaca mulatta. Azin Region 2 is as Region 1 but without Xenopus and Danio. Ctbp1 footprints were identified in mouse, chicken, frog, and zebrafish, in addition to human and shark. In fbxw7, the additional species to shark and human were Bos taurus (all Regions) and Mus musculus, D. rerio, and T. nigroviridis in Regions 2 and 3. Neither mouse nor zebrafish footprints were found in fbwx7 Region 1 (see Table 2 ). Footprints were identified in the regions of sox4 for chicken, mouse, zebrafish, and fugu, with the exception of chicken in Region 1. Footprint regions for znf503 included mouse, rat, and chicken with the addition of zebrafish in Regions 2 and 3. Pten footprints for Regions 3 and 4 were identified in Pleioblastus pygmaeus, M. musculus, B. taurus, Gallus gallus, and D. rerio, as well as shark and human. pten Region 2 included P. pygmaeus and B. taurus. pten Region 1 included D. rerio. Zebrafiish footprints were not found in pten Region 2 (see Table 2 ). Species not included in any particular region did not contain detectable footprints for that region. Additional supporting detail is given in Table 2 .
interactions with cellular proteins or secondary structure formation (7, 23) . Our results examining fbxw7 in several species suggest not only that the evolutionarily conserved regions found by analysis of shark sequences also are present in other cartilaginous fish, but also that the length of interfootprint sequences is also conserved among the species. PCR products larger than predicted were amplified from the teleost Xiphophorus, which may represent variation in the interfootprint distances between conserved regions in this fish, in alleles, gene rearrangements, or gene duplication.
One of the cartilaginous fish for which sequence conservation was observed was the elephant shark, or chimera, C. milii. Chimeras of the order Holoencephali shared a common ancestor with Elasmobranchii Ͼ450 million years ago, and C. milii has been suggested as an organism appropriate for genomic analysis (34) . Previously, we reported the identification of a 167-bp repetitive sequence present in the spiny dogfish shark and seven other species of cartilaginous fish, including the silver chimera, Callorhinchus phantasma (5). The conserved cartilaginous fish sequences we analyzed were strikingly similar to the homologous sequences of humans and other mammals. We speculate that elasmobranch cell lines and genomes will be a valuable source of data for comparative studies.
The SAE cell line provides an in vitro tool for experimental approaches to genomic questions raised by comparative vertebrate genomics. By definition, all of the genes represented by the ESTs we have generated from the SAE cell line are expressed in these cells, making these cultures the first directly homologous system to test functional hypotheses emanating from rapidly expanding information on the comparative cell biology, physiology, and genomics of primitive cartilaginous vertebrates. The ESTs from this study have been deposited in GenBank, and the SAE cell line can be obtained from D.W.B.
Materials and Methods SAE Cell Culture. Cultures were initiated from S. acanthias early embryos in a basal nutrient medium developed originally for salmonid and zebrafish cells and applicable to cells of marine origin as well (35, 36) . This medium was supplemented with purified peptide growth factors, additional nutritional supplements, and low concentrations of serum, as described (5) . Cultures were grown at 18°C on collagen-precoated vessels in ambient carbon dioxide. The cells have been cultured in a continuously proliferative state for 3 years.
EST-Based Identification of Genes Expressed in the SAE Cell Line.
Total RNA was extracted from 5 ϫ 10 8 SAE cells at passage 25 by using TRIzol reagent. After mRNA isolation, the primary cDNA library was directionally cloned into CMV Sport 6.1 (Invitrogen, Carlsbad, CA) and normalized by using subtractive hybridization at two different Cot values, resulting in a 280-fold reduction in the abundance of ␤-actin sequences. Average insert size was 2.0 kb. More than 5,000 inserts were sequenced from the 5Ј end. Among these, a portion was also sequenced from the 3Ј end. Of the ESTs resulting from the 3Ј sequencing, 611 were of base-identification quality and length to be acceptable to GenBank. The average length of the high-quality base sequence for these 3Ј-sequenced clones was 422 nt. Total data, prepared as described above and accepted by GenBank, were 5,213 5Ј EST and 611 3Ј EST sequences and gene-identification blast search. These data are publicly available through National Center for Biotechnology Information and include all sequences to which this work refers.
Identification of 3 UTR Phylogenetic Footprints. Inserts sequenced from the 3Ј end were screened against the National Center for Biotechnology Information (NCBI) nucleotide database (nonredundant) using MEGAblast (NCBI). Forty-eight of these returned significant matches. Of these, 33 showed no BLASTx match and were analyzed further as potential 3Ј UTRs. Each of these sequences was compared by BLASTn to all sequences in the NCBI database by using default parameters (37) . To screen for potentially conserved sequences, we set threshold values of 80% nucleotide sequence identity, S scores of Ն60, and Expect (E) values Ͻ10 Ϫ4 . Eight ESTs from identified genes showed regions of 20-203 nt that were conserved in the homologous genes of a range of vertebrates. At this point, additional related sequences within the 3Ј UTRs of the eight genes were further examined by inspection if E Ͻ 5 ϫ 10 Ϫ2 . CHAOSϩDialign (38) was used for multiple alignment and program-based identification of phylogenetic footprints; sequences of at least 20 bp met the threshold values of the BLAST search given above and shared at least 80% identity in three or more species. Percent identity of footprints in each gene was determined from ClustalW pairwise alignment scores (39) . Within these footprints, motifs were identified by comparisons between CHAOSϩDialign and FootPrinter (40) . Default parameters were used for all programs except FootPrinter, which was set to detect 10-nt motifs with zero parsimony. EditSeq software (DNAStar, Madison, WI) was used to determine percentage AϩT. All sequences were analyzed with RepeatMasker to detect possible repetitive DNA elements (RepeatMasker Open 3.0. 1996-2004, www.repeatmasker.org).
PCR Methods. Primers were designed to amplify highly conserved regions and interregion areas identified in the 3Ј UTR of the fbxw7 (F-Box and WD-40 domain) gene. Genomic DNA was extracted from livers of S. acanthias and L. erinacea [whole zebrafish (Danio rerio)], the XM swordtail/platyfish (Xiphophorus) cell line (41) , and kidney of the elephant shark (chimera) C. milii. The sequence of forward primer fbxw7-F-1 was: 5Ј-TTG- CTGGTCAGTCTTAGTG-3Ј. The sequence of forward primer fbxw7-F-2 was: 5Ј-ACAACTCAACATGAACTGTG-3Ј. The sequence of reverse primer fbxw7-R was: 5Ј-GAATCAAACCA-TAGACACAATCC-3Ј. For PCR, the initial denaturation step (94°C, 2 min) was followed by 10 cycles of 94°C (1 min), annealing (47°C, 1 min), and elongation (74°C, 1 min). This was followed by 20 cycles at 94°C, 30 sec; 47°C, 30 sec; and 72°C, 45 sec. The final elongation step was 72°C, 5 min, and products were then held at 4°C. Product sizes were analyzed by electrophoresis on 1.2% agarose gels and imaged with the Kodak (Rochester, NY) Gel Logic 100 system.
